AND CONCLUSIONS
1. Visual responses of caudate neurons were studied in monkeys trained to fixate on a small spot of light. A visual stimulus (another spot of light) was presented in various contexts of behavior using different behavioral paradigms. Visual receptive fields were usually large and centered on the contralateral hemifield. Among 2 17 neurons with visual responses, 184 were further classified into subtypes.
2. Visual responses in 64 neurons were not modulated by changing the paradigms (unconditional visual responses). In the other neurons, visual responses were dependent on the behavioral contexts in which the stimulus was presented. Three types of behavioral modulation were found.
3. A saccade-enhanced visual response (yt = 37) was the one that was enhanced if the monkey made a saccade to the stimulus on its appearance. The enhancement was spatially selective: the response was depressed if the saccade was directed away from the stimulus.
4. Memory-contingent visual responses (n = 36) were present preferentially when the monkey remembered the location of the stimulus and a few seconds later made a saccade to the remembered location. Responses were greater when the location of the stimulus was randomized between trials.
5. Expectation-contingent visual responses (n = 46) were present preferentially when the stimulus came on while the monkey was not fixating another spot, and the stimulus was related directly to a reward. Unlike the other types, its receptive field included both contralateral and ipsilateral hemifields without a particular preference.
6. A small number of neurons (n = 16) showed a visual response that easily habituated.
7. Latencies of visual responses were usually between 100 and 200 ms. The latencies of the memory-contingent, expectationcontingent, and habituated visual responses tended to be longer than the others and tended to be more variable between trials.
8. Among auditory responsive neurons only a small proportion were related to the tasks. The response was greater to a contralateral sound. It was enhanced if the monkey used the sound as the cue for the future target location.
9. The results suggest that sensory responses of caudate neurons could be used to guide a subsequent sequence of learned behaviors by confirming predicted environmental states, renewing memory, or establishing a motor set.
INTRODUCTION
Sensory neglect occurs with dysfunction of the basal ganglia. Deficits of response to visual stimulation are among the most remarkable findings following bilateral ablation of the striatum (7). Monkeys become either totally indifferent to surroundings or stare at a large object ignoring others. When dopaminergic neurotransmission in the striatum is disrupted, animals do not respond to any kind of sensory stimulation applied to the side contralateral to the blockade (24).
Sensory input is a critical determinant of caudate neural activity. In anesthetized animals, caudate neurons respond to sensory inputs of different modalities (21). Responses tended to wane when stimulus presentations are repeated (36), and they are, therefore, assumed to be related to orienting responses. In awake monkeys, Buser et al. (4) described caudate cell activity as puzzling, for the cells responded to visual or auditory stimuli only when they seemed to attract the monkey's attention. Nishino et al. (25) showed that a number of caudate neurons respond selectively to the sight of food. Rolls et al. (3 1) emphasized the conditional nature of caudate sensory responses; discharges were selective for the behavioral significance of stimuli rather than their physical qualities.
These data suggest that the sensory information conveyed by caudate neurons are useful for behavioral acts rather than perception. showed that neurons in the monkey substantia nigra pars reticulata frequently respond to a visual stimulus that is used as the target, whether actual or remembered, of saccades; a smaller number of cells respond to auditory stimuli with a similar selectivity. The objective of the present study is, therefore, on the one hand, to look for the origin of the nigral sensory activities, and on the other hand, to characterize sensory activities in the caudate in relation to their contribution to motor behaviors.
METHODS
The same monkeys and the same experimental procedures were used, as in Hikosaka et al. (14) . An important feature of caudate sensory responses is their dependency on behavioral significance, rather than physical properties, of stimuli. We used several paradigms to test the influence of different aspects of behavioral significance.
Visual responses
We used the fixation task (38), saccade task, and delayed saccade task (14) to investigate visual responses of caudate neurons. The fixation task allowed us to control eye position and to investigate receptive fields of visual responses by changing the location of the stimulus. The same spot of light was used as the stimulus in these tasks, so that we were able to compare the responses to the same visual stimulus under three different conditions. In the fixa- tion task, the stimulus had little behavioral significance and was likely to be ignored. It was the immediate target for eye movement in the saccade task. In the delayed saccade task, the stimulus signified the future location of a saccade target and its location must be remembered.
Auditory responses
Auditory stimuli were delivered using two small audio speakers placed at the lateral edges of the tangent screen, 40" from its center. The stimulus was a train of 340-ps clicks presented at 25 Hz. In the auditory paradigms, these clicks were used instead of spots of light. Thus, in the auditory fixation task, a brief train of clicks (train duration: 50-100 ms) was delivered while the mon- key was fixating a central spot of light to detect its dimming. In the auditory saccade task, the source of the clicks indicated the direction of a visual target. The sound was delivered either while the monkey was still fixating the central spot (as in the delayed saccade task) or when the fixation point went off (as in the saccade task).
Data analysis
Data analysis is described in detail in the preceding paper (14). Briefly, the following procedures were employed to compare neuronal activity in different conditions. First, we set two time windows on the raster displays, one for the control period (background activity) and the other for the test period (e.g., discharges after the onset of visual stimulus). We counted the number of spikes in each window for each trial. The magnitude of neuronal response was determined for each trial by subtracting the number of spikes within the control period from the number of spikes within the test period. Using Mann-Whitney's U test, we then examined whether the magnitudes of neuronal response were statistically different between two different conditions.
RESULTS

ClassiJication of task-related visual and auditory responses
A considerable portion of caudate neurons showed spike discharges in response to visual or auditory stimuli (Table  1) . We defined the visual or auditory response as activity that followed the onset or offset of a visual or auditory stimulus with a relatively fixed latency and could be dissociated from the animal's motor response, especially a saccade to the stimulus. Magnitudes of responses were usually dependent on the behavioral contexts in which the stimuli were presented, and we classified the responses based on this behavioral contingency.
Saccade-enhanced visual response (VIS/SAC) was the visual response that was enhanced when the monkey made a saccade to the stimulus in response to its onset. Memory- (Fig. l) , a neuron generated a burst of spikes after the onset of a spot of light. In this case, the receptive field in the hemifield contralateral hemifield was fairly large, and we could not determine its peripheral border (Fig. 1, right ).
There was a gradient within the field such that the closer the stimulus was to its border, the weaker was the response. This type ofresponse was displayed by the neuron that discharged vigorously when a spot of light (T) came on as a fixation point (F) went off, and the monkey made a saccade to the stimulus T (Fig. 24 saccade task) . When the same spot of light came on as a behaviorally irrelevant stimulus while the monkey was fixating (Fig. 24 fixation task) , the neuron still responded to the stimulus, but the response was much weaker. Furthermore, the visual response waned gradually almost to zero after repeated trials. The magnitude of visual response (test window of 300.ms duration starting 100 ms after stimulus onset) was significantly greater in the saccade task than in the fixation task (P < 0.00 1; MannWhitney's U test). When the saccade to the target was delayed by presenting the stimulus while the fixation point remained on (Fig. 2C) , no activity was seen with the sac-
2. Enhancement of visual response by saccade. A: monkey made a saccade to a spot of light (T) on its appearance; saccade onset is indicated by a vertical bar on each raster line (saccade task). B: monkey kept fixating while same stimulus was turned on; cell's response waned to a minimal level (fixation task). C monkey was encouraged to wait for fixation point (F) to disappear before making a saccade to stimulus; cell's activity was visual, not saccade-related (saccade with overlap task). Spot T was located 10" contralaterally from fixation point. H and V: horizontal and vertical eye positions. Filled area at end of scheme line T indicates reward that monkey obtained by releasing his hand from lever in response to dimming of target.
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HSEC. cade to the same target. This result ruled out the possibility that the visual response in the saccade task actually resulted from simple summation of a visual response and another activity related to saccade per se. Another characteristic of neurons with saccade-enhanced responses was that, along with the enhancement, the size of the visual receptive field became larger (Fig. 3) . When the monkey was fixating a center spot (Fig. 3, top) , this neuron responded to a stimulus only if it was in the contralateral lower quadrant. When he made a saccade to the stimulus (Fig. 3, bottom) , the neuron's maximal response tripled, and its optimal point shifted peripherally. At the same time, the flanking portion of the receptive field Response of a caudate neuron to a spot of light when monkey kept fixating (top) and when he made a saccade to stimulus (bottom). Number of spikes occurring between 100 and 300 ms after onset of stimulus was summed over 6 trials for each location of stimulus and is indicated at stimulus location. Contour lines indicating response magnitudes are drawn based on calculation.
extended to include parts of the contralateral upper and ipsilateral lower quadrants.
The enhancement of a visual response by a saccade was dependent on the direction of the saccade (Fig. 4) . In this experiment, two similar spots of lights were turned on, one in the receptive field (T) and the other in the opposite direction and outside the receptive field (CT). The visual response to T was modest during a block of trials in which the monkey kept fixating, ignoring the two stimuli (Fig. 4 , left). In the next two blocks of trials (Fig. 4 , center and right), the two stimuli came on as the fixation point went out; but only one of the stimuli, either T or CT, became dim in each block, forcing the monkey to make a saccade to the to-be-dimmed stimulus. The visual response was enhanced when the monkey made a saccade to T (Fig. 4 , center; P < 0.05; 200-ms test window starting 200 ms after stimulus onset), but was depressed with a saccade to CT ( Fig. 4 , right; P < O.Ol), the depression becoming more marked as trials went on. Figure 5 shows quantitatively how neurons changed their responsiveness to the same visual stimuli depending on accompanying eye movements. A notable feature was that the neurons decreased their visual responses if the monkey made a saccade away from the stimulus, i.e., to another irrelevant stimulus. Among six neurons that showed the enhancement of visual response by a saccade to the stimulus, four showed a significant decrease of visual response by a saccade away from the stimulus (P < 0.05).
For some of the neurons (10/37), the enhancement of the visual response was at least partly attributable to the addition of saccade-related activity (Fig. 6 ). The activity time-locked to the saccade was uncovered by separating the saccade from the onset of the stimulus (Fig. 6, right) . This saccade-related activity would be superimposed on the visual response in the ordinary saccade task. However, this may not be the sole factor underlying the enhancement. For example, the visual responses decreased while repeating trials of the fixation task (Fig. 6, center) , thus enhancing the contrast between the saccadic and nonsaccadic conditions.
A group of neurons responded to a visual stimulus most vigorously when it was used as the target cue for a saccade to a remembered location. In the delayed saccade task (Fig. 7 , left) the neurons discharged in response to the target cue located in the contralateral visual field. The paradigm was then changed to the fixation task (Fig. 7, center) in which the same spot of light was flashed at the same location, but now without any behavioral significance. The neuron did not discharge. This type of modulation was different from the saccade-enhanced visual response, because the neuronal discharge was altered little when the monkey made a saccade to the same stimulus immediately following its onset or while it had remained on (Fig. 7, right) . This was so even if the stimulus position was fixed throughout a block of trials so that the monkey could anticipate it. The magnitude of visual response (600-ms test window starting 200 ms after stimulus onset) was greater in the delayed saccade task (Fig. 7, left ) than in the fixation task ( Center: monkey made a saccade to contralateral stimulus (T) to detect its dimming; cell's response was enhanced. Right: a saccade to ipsilateral stimulus (CT); cell's response became minimal. Calibration for spike frequency: 50 spikes. s-l . trial? center, P < 0.001) or in the saccade task (Fig. 7 , right, P < 0.00 1).
All neurons of this type (n = 36) had receptive fields mostly centered in the contralateral field. The neuron shown in Fig. 8 responded vigorously to a target cue that appeared in the upper and slightly contralateral field (Fig.  8, left) but showed less response to the stimulus in other areas, especially in the ipsilateral field (Fig. 8, right) .
We considered two mechanisms that might underlie such a modulation of visual response. First, a visual response might be enhanced because the monkey expected the appearance of a particular stimulus at a particular location. Second, the enhancement might reflect an internal process by which visual information is used for subsequent motor acts. If the former is the case, a more certain stimulus would produce a stronger response; if the latter is the case, the reverse would hold true. The experiment shown in Fig. 9 supports the latter hypothesis. This neuron's response was greater if a stimulus was chosen randomly out of two locations (Fig. 9, top) than if the stimulus was fixed in position (Fig. 9 , bottom) (P < 0.00 1; 600,ms test window starting 200 ms after stimulus onset). We tested four neurons in this way, and they all gave similar results. The onset of memory-contingent visual response was variable between trials (Figs. 7 and 9). It could start within 200 ms after the onset of a target cue, but by and large its latency was -300 ms. Therefore, it may not be regarded as a sensory response but may reflect a subsequent internal process. This view seems in line with the above hypothesis.
Another group of neurons responded to the appearance of a spot of light when the monkey had not been fixating on another stimulus, and the stimulus was related directly to a reward (Figs. 10 and 11) . In the experiment shown in Fig. 10 , we presented a target spot at random for each trial in two conditions, without (Fig. 10, top) or with (Fig. 10, bottom) a preceding fixation spot, and plotted the number of spikes occurring in response to the onset of the target against the retinal position of the target. It is clear that the visual response was present only when the target literally appeared (Fig. 10, top) , not stepped from another location (Fig. 10,  bottom) . The visual receptive field thus obtained was large, extending both contra-and ipsilaterally and excluding only far peripheral areas; this was distinct from the other visual response types. If the target point came on after a time gap following the offset of the fixation point, however, this type Memory-contingent visual response. Left: a visual stimulus (T) was presented to inform monkey of future location of saccade target (delayed saccade task). Center: same stimulus was given with no obvious behavioral significance (fixation task). Right: stimulus was used as an immediate target of a saccade (saccade task). Location of stimulus: 10" contralateral, 30° up. of neuron responded vigorously to the target point. Figure  11 , left, shows the ordinary saccade task in which a spot of light appeared to jump from the center (F) to a new location (T). This neuron's response was small; just a few spikes followed the onset of the target. In contrast, in the experiment shown in Fig. 11 , right, the target appeared at the same location but after a time gap (1 s), and the neuron responded to it more vigorously. The difference was significant (P < 0.00 1; 400-ms test window starting 100 ms after onset of T).
At least two possibilities exist to account for the selectivity of the visual response. First, visual input onto the fovea (Fig. 10, bottom) might have obliterated the cell's response to another stimulus. Even if present, such a sensory interaction could not be the sole basis of the differential responsiveness, because without fovea1 stimulation the same neurons showed a weaker response to the same spot of light if it was not to become dim and thus did not lead directly to a reward. The results seem to fit better to the second explanation, which is that the responsiveness was enhanced by neural processes related to the expectation of the target. Indeed, some of these neurons discharged even before the target appeared (Fig. 11) .
HABITUATED VISUAL RESPONSE. In Some neurons a visual response decreased when the stimulus came on at the same location repeatedly in a block of trials (Fig. 12) . In this experiment (saccade with overlap task, see Ref. 14), a spot of light (T) came on while the monkey was fixating, and when the fixation point went off the monkey made a saccade to the stimulus T. These neurons showed discharges following the onset of T in the first few trials but ceased responding in subsequent trials. Saccade-related activity was less affected by trial repetition. Neurons were also found that showed even stronger habituation, in that they responded to a fixation spot when and only when it appeared after an intertrial interval of more than several tens of seconds.
PROPERTIES OF ALL VISUAL CELLS.
Most caudate visual neurons, regardless of type, had similar receptive fields + .
. Ips1 (Fig. 13, bottom) . Receptive fields had a gradient inside with a centrally located peak (see Fig. 3 ), and probably due to such a gradient, visual neurons with stronger responses tended to have larger receptive fields, some extending into the ipsilateral side. Receptive field centers were almost evenly distributed in the contralateral visual field with a few exceptions in the ipsilateral one (Fig. 13, top) . There was no tendency for different types of neurons to be distributed differentially. However, expectation-contingent visual responses are not included because their receptive field centers were difficult to determine. Neurons close to each other tended to have similar receptive fields, as was the case for movement fields of saccade-related neurons. It remains to be determined, however, whether there is a retinotopic organization within the caudate nucleus.
Visual response latencies varied among different types of caudate neurons (Fig. 14) . Latencies of unconditional visual responses or saccade-enhanced visual responses ranged mostly between 100 and 200 ms, whereas those of memory-contingent, expectation-contingent, and habituated visual responses were more widely distributed, sometimes reaching >300 ms. The latencies of memory-contingent visual responses (VIS/MEM) were longer than those of unconditional visual responses (VIS/UNC) (P < 0.0 1; Mann-Whitney's U test) and saccade-enhanced visual responses (VIS/SAC) (P < 0.0 1). Habituated visual responses (VIS/HAB) also had longer latencies than VIS/UNC (P < 0.001) and VIS/SAC (P < 0.00 1).
Auditory responses
Although many neurons (n = 107) were responsive to various kinds of sounds, relatively few of them (n = 2 1) responded to the train of clicks that we used in our tasks. Most of the auditory neurons responded preferentially to a sound on the contralateral side. However, even a contralatera1 sound, if repeated, was likely to induce a habituation of the cell's response; the habituation was more pronounced and more frequent than that seen in visual responses. Figure 15 shows a typical auditory response. The response was weak either to a contralateral sound (Fig. 15, left) or an ipsilateral sound (not shown) when the monkey fixated and attended to a central spot of light (F). In the next experiment, analogous to the delayed saccade task, a randomly selected auditory stimulus (filled area on scheme line T) indicated the future location of a visual target (hatched area Left: a train of clicks (T) was delivered while monkey was fixating on a central spot of light F; response was unclear. Sound stimulus was delivered randomly from either one of 2 audio speakers, one on contralateral and other on ipsilateral side; only response to contralateral sound is shown. Center and right: same sound stimulus (filled area on scheme line T) was given to indicate future location of a visual target (shaded area on line T) whose dimming monkey had to detect. Contralateral sound evoked a clear response in this neuron (center), whereas ipsilateral sound produced no response (right).
on line T). The neuron now showed a clear response to the neurons were found mostly outside the core region; they contralateral sound; the magnitude of auditory response were most common in the medial part of the caudate adja-(400.ms test window starting 100 ms after stimulus onset) cent to the lateral ventricle. The difference in the mean became greater (P < 0.01). There was no response to the X-position (medial-to-lateral direction; Table 2 ) was statisipsilateral sound. tically significant between these response types (P < 0.00 1; None of the 2 1 task-related auditory neurons responded Student's t test). The number of auditory neurons was limto a visual stimulus. The latencies of the auditory responses ited, because we did not make many electrode penetrations ranged from 50 to 350 ms [ 199 t 88 (SD) ms]. We did not into this area. test the effects of sound intensity. Outside the tasks, 86
There was some trend for differential distribution among neurons were judged to be auditory responsive. They re-the subtypes of visual neurons (Fig. 17 and Table 2 ). Unsponded to the sound of punching the computer keyboard, conditional visual responses (VIS/UNC) and saccade-enfeeble stepping sound, or the sound of the laboratory door hanced visual responses (VIS/SAC) tended to be found opening or shutting. They were unrelated to eye move-more posteriorly than the other response types. This was ments induced by the auditory stimuli.
shown by the statistical comparison of the mean Y-posiLocations of visual and auditory neurons tion (posterior-to-anterior direction): for both VIS/UNC and VIS/SAC, the difference of memory-contingent visual Visual neurons were clustered in the central, longituresponses (VIS/MEM) was significant at P < 0.05; the difdinal core region of the caudate nucleus (Fig. 16) Visual includes only neurons that responded to task-specific visual stimuli, whereas auditory includes both task-related auditory neurons and neurons responsive outside tasks. Area between 2 hatched lines indicate region of caudate nucleus that was surveyed for unit recording (see Fig. 6 in preceding paper, Ref. 14). VIS/MEM and VIS/EXP were closely related to memoryguided saccade or more complex behaviors. These data suggest an anterior-posterior segregation of memory and visually oriented functions. The differential distribution in location of the visual subtypes may be parallel with the distribution of response latencies (Fig. 18) . DISCUSSION 
General characteristics of caudate visual responses
Visual responses of caudate neurons were strikingly dependent on the contexts in which visual stimuli were presented. Effective stimuli were either the ones that evoked an immediate saccadic response, ones that were stored for later use as target of a saccade, or ones whose appearance was expected. Most caudate neurons showed a visual response selectively in one or another of these conditions. Therefore, the caudate visual responses may reflect heterogeneous neural processes in which visual information is utilized for the animal's subsequent behaviors.
Several properties of caudate neurons are similar to visual neurons in the substantia nigra pars reticulata ( 15, 19, 33) . Many caudate neurons responded to onset of target for fixation, some to its offset. Receptive fields were large and usually centered in the contralateral field. There was a gradient within receptive fields such that responses became greater if the spot appears at their central area. These similarities are consistent with the idea that the nigral visual responses are produced by inputs from the caudate. The synaptic effect would be inhibitory because visual stimulation produced an increase in caudate cell activity and a decrease in nigra cell activity, as suggested for saccade-related responses (14).
Saccade-enhanced visual response
Similar enhancement of visual response has been found in a number of brain areas, including the superior colliculus ( 13), posterior parietal cortex (29), frontal eye fields ( 12, 39), prestriate cortex ( lo), inferior pulvinar (27), and substantia nigra ( 15). As in these areas, the enhancement in the caudate was spatially selective in that the visual response was enhanced if the saccade was made to the visual stimulus but not if it was made to another, irrelevant stimulus. This may reflect the process by which the brain selects sensory information, possibly equivalent to selective attention (13).
Activity of caudate neurons would lead to a disinhibition of the superior colliculus by suppressing tonic activity of substantia nigra neurons (14). This disinhibition would then allow a saccade to be initiated. If visual responses of caudate neurons are enhanced, the disinhibition is augmented and, therefore, a saccade is more likely to occur. This happens when a saccade is made to the visual stimulus. Saccade-enhanced visual response may increase the probability of saccade to a visual stimulus. If visual responses of caudate neurons are depressed, the disinhibition becomes minimal and, therefore, a saccade to the stimulus is less likely. This happens when a saccade is made away from the stimulus. Such depression of visual responses has also been seen in the substantia nigra (15), suggesting that this might be a feature unique to the basal ganglia. The basal ganglia may suppress an inherent sensory-motor process and select another movement.
The same scheme might also be applied to nonmotor processes. Information from the caudate nucleus may be conveyed to the prefrontal association cortex via the substantia nigra and the thalamus (18). Because the prefrontal cortex is thought to be involved in spatial attention (28, 30) , the direction-selective changes in caudate activity accompanying a saccade might serve to shift spatial attention.
Memory-contingent visual response
A group of caudate neurons responded to a visual stimulus selectively when it was used as the target cue for a saccade to its remembered location a few seconds later. The same type of activity has been found in the substantia nigra (17). We conclude that this type of visual response is part of the neural process by which visual information is retained for short periods to be used as the target for a later saccade. This hypothesis was supported by the fact that the visual response became weaker if the location of the target cue was fixed throughout a block of trials, that is, if there was now no need to renew the content of the memory.
In the delayed saccade task, the target cue was given so that the monkey could hold the spatial information during the fixation period, after which he made a saccade based on the mnemonic information. The two types of caudate cell activity selectively related to this task, one time-locked to the onset of saccade and the other increasing toward the saccade (14), might play selective roles in the initiation of memory-guided saccades. To enable this behavior, first of all, the visual information derived from target cue must be selected so as to be maintained for the rest of the fixation period. The memory-contingent visual response might reflect this process and act to trigger the subsequent activities leading to saccade initiation.
Unlike saccade-enhanced visual responses, this response was not enhanced when the monkey made a saccade to the stimulus immediately after its onset. Conversely, saccadeenhanced visual response was not enhanced when the monkey must remember the location of the target cue. They might be regarded as two types of neural mechanism for the selection of visual information: one for immediate and the other for future use.
Expectation-contingent visual response
The caudate neurons with this visual response type differed from other visual neurons in that they showed little response when the stimulus appeared when the monkey was or had been fixating on another spot of light. A parsimonious explanation for this activity is that the visual responsiveness of these neurons was suppressed by the presence of another stimulus on the fovea or by visual fixation. However, this cannot account for the fact that the same neurons responded much less vigorously to the fixation point that appeared as the first stimulus for each trial and, therefore, bore less urgent significance for the monkey. What seems to have critically determined the cell's responsiveness was the appearance of a stimulus requiring a motor response, because the monkey was expecting a stimulus to become dim. Support for this idea is that the same neurons show anticipatory activity before the appearance of such a stimulus.
We think that this type of activity corresponds to the "nonfixation contingent visual on response" described for substantia nigra neurons (16). Unlike other visual response types, their receptive fields are large, including the ipsilatera1 visual field, sometimes almost symmetrically, as was the case in the caudate nucleus.
Comparison with other basal ganglia neurons
Neurons with task-related visual responses and those that showed visual responses outside the tasks were more or less segregated in the caudate nucleus (see also Ref. 14) . A different type of heterogeneity has been shown between the head and the tail of the caudate: the neurons in the head respond to task-specific stimuli (3 l), whereas the neurons in the tail respond to visual stimuli with certain shapes or sizes with a strong tendency to habituate (5).
It seems generally agreed that sensory responses of basal ganglia neurons are highly dependent on the behavioral contexts. Aldridge et al. (1) recorded neurons from the caudate nucleus and the globus pallidus during wrist move-ments to align a marker on a visual target; many of them showed a response to the appearance of the visual target, and the response was enhanced if the monkey responded to it by moving his wrist. This type of activity may be analogous to the saccade-enhanced visual response in the substantia nigra (15) and the caudate nucleus (the present study), both of them enhanced by the immediate behavioral response of the animal to the stimulus. A similar behavioral modulation was found for auditory responses. In the experiments by Evarts et al. (8) , a click associated with the delivery of reward produced a response of globus pallidus neurons, but the response was eventually eliminated if the outlet tube was occluded and the monkey no longer attempted to lick. The same phenomenon was observed for some putamen neurons (20).
Auditory response in the caudate
Though less common than visual responses, a group of caudate neurons showed responses to trains of clicks. The paucity of auditory responses might have depended on the behavioral paradigms we used in which visual fixation was the first requirement. The characteristics of the auditory responses were similar to those found in the substantia nigra (15): most neurons respond more vigorously to contralateral sound. The responses tended to be enhanced if the monkey used the sound as the cue for the location of visual target that appeared subsequently. Auditory responses detected outside the tasks also appeared to be dependent on the behavioral significance of the sounds rather than their physical properties.
Origin of visual and auditory responses
The frontal eye field and its surrounding areas (22, 34), the parietal and prestriate cortex (37), and intralaminar thalamic and pulvinar nuclei (26) are the candidates for the origin of caudate visual responses. In terms of visual receptive fields and visual response latencies, we have little clue to determine which area is the most likely source of the visual inputs. Dominance of contralateral visual receptive fields is the characteristic feature among these areas. The sizes of visual receptive fields in the frontal eye fields (12), parietal cortex (29), or intralaminar thalamic nuclei (32) are similar to those of caudate neurons, whereas those in the prestriate cortex (10) or pulvinar (3) tend to be smaller. Visual receptive fields in the pulvinar (3), intralaminar thalamic nuclei (32), or prestriate cortex (11) frequently include the fovea1 region, which we sometimes observed in the caudate.
Most auditory neurons were found in the medial part of the caudate nucleus adjacent to the lateral ventricle. This area is known to receive afferents from the superior temporal cortex (35) in which auditory neurons prevailed (2).
Sensory functions of the basal ganglia
An alert animal will concentrate on an object to manipulate it and then turn its attention to another. Such a flexible process, focusing and refocusing, seems to be disrupted by a lesion in the basal ganglia. After striatal ablations, animals became either impassive (6) or obsessively followed a conspicuous object (24). A unilateral lesion of the substantia nigra leads to a profound contralateral hemineglect (9, 23). The effect of substantia nigra lesions has generally been attributed to dysfunction of dopaminergic neurons in the pars compacta. However, the dopaminergic neurons have no direct access to the outputs of the basal ganglia, and their signals must be mediated by output pathways, notably via striatal neurons. These symptoms, therefore, may be understood as the derangement of the sensory (visual and auditory) information carried by caudate neurons.
Sensory information in the brain may act as follows: 1) an input for a reflex, 2) a feedback error signal for correction of movement, or 3) a guide for a learned behavior. The reflex input must be stable and prompt. The feedback error signal must be accurate. The sensory responses in the caudate do not fulfill any of these requirements: their latencies were long, sometimes longer than motor responses, and fluctuated; the magnitudes of the responses varied depending on the context of behavior. That is to say, the caudate sensory activities were contingent on a particular sequence of learned behavior. Because the behavior was learned, its whole sequence should be more or less predicted. Therefore, the sensory information may not directly trigger an overt behavior; it would rather guide subsequent behaviors by confirming the predicted environmental states, renewing memory, or establishing a motor set. It is thus quite understandable that neurons with sensory responses showed, in addition, saccade-related motor activities or cognitive activities that anticipated subsequent events. In short, sensory guidance of learned behavior may be an important function of the basal ganglia.
